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PyridovericinMast cells play a critical role during the development of an allergic response. Upon activation by an antigen
and IgE, via FcεRI receptors, mast cells release histamine and other mediators that initiate and propagate
immediate hypersensitivity reactions. Mast cells also secrete cytokines that regulate the immune responses.
In this way, inhibitors of mast cell activity could work as promising therapeutics for allergic disorders. In
the present work, we investigated the capacity of pyridovericin, a natural product isolated from the
entomopathogenic fungus Beauveria bassiana, to inhibit mast cell degranulation and cytokine secretion. It
was found that pyridovericin strongly decreased the release of β-hexosaminidase, a marker for mast cell de-
granulation, when mast cells were stimulated by both FcεRI-dependent and independent pathways. In addi-
tion, pyridovericin strongly abrogated secretion of interleukin-4. Pyridovericin-mediated suppression of
stimulated increase in intracellular Ca2+ levels, a crucial signal for mounting of both degranulation and cyto-
kine production responses, was ascribed as one of the inhibition targets of pyridovericin. Those initial studies
identify pyridovericin as a potential new candidate for the development of new anti-allergic drugs.
© 2013 Elsevier B.V. Open access under the Elsevier OA license.1. Introduction
TheWesternworld has faced an epidemic of respiratory allergies over
the last ﬁve decades [1]. It has been estimated that 10–20% of the world
population suffer from allergic rhinitis [2], in addition to the existence of
about 300 million asthmatic patients, a number thatmight have escalated
to 400 million by 2025 [3]. Allergic inﬂammation is mediated by the ex-
pansion of the T helper 2-subset (Th2) of T cells and isotype switching
of B cells to generate IgE antibodies towards speciﬁc allergens [4]. IgE, in
turn, binds tightly to its immune receptor, FcεRI, localized at the surface
of mast cells [5]. Antigen-induced cross-linking of mast cell IgE–FcεRI
complexes initiates Lyn kinase-mediated tyrosine phosphorylation of
FcεRI ITAMs (Immunoreceptor tyrosine-based activationmotif), resulting
in recruitment and activation of Syk tyrosine kinase that, in turn,
phosphorylates several downstream targets, including phospholipase C
γ (PLCγ). This activates PLCγ to generate inositol 1,4,5-triphosphate
(IP3) and diacylglicerol (DAG) as products of phosphatidylinositol
4,5-biphosphate hydrolysis [6]. IP3 binds to its receptor at theuímica, Faculdade de Ciências
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vier OA license.endoplasmic reticulum (ER) to trigger the release of calcium (Ca2+)
from ER stores, which activates store-operated Ca2+ entry (SOCE),
whereas DAG participates with Ca2+ mobilization to activate protein ki-
nase C [7]. These signals synergize to activate mast cell degranulation
for release of a number of preformed allergic mediators, as well as for
the de novo synthesis and secretion of various lipid mediators and cyto-
kines that, collectively, mediate the early and late phases of allergic reac-
tions [5,8]. In this way, mast cells have been widely regarded as the key
players during the development of allergic reactions [9–14], and, there-
fore, inhibitors of mast cell activation and secretion of allergic mediators
are promising targets for therapeutic intervention.
Natural products have played a highly signiﬁcant role in drug de-
velopment over the past century [15]. The purposeful design of natu-
ral products – aimed to increase the survival of the producer
organism in its ecological niche – coupled with abundant scaffold di-
versity, confer great advantage to the use of natural products as a
source of drug candidates [15]. The continuing role of natural prod-
ucts in the expansion of the therapeutic armamentarium, highlighted
by Newman and Cragg [16], can be largely attributed to the pharma-
cological activity of metabolites originated from microorganisms. In
this context, fungi appear as producers of secondary metabolites of
great contribution to the pharmaceutical sciences, taking as examples
penicillin, cyclosporine and statins [17]. Analysis of ca. 1500 fungal
metabolites, isolated between 1993 and 2001, showed that more
than 50% of these compounds exhibited antibacterial, antifungal or
antitumor actions [18].
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ologically active secondary metabolites [19]. It is presumed that many
entomopathogenic fungi lead to death of its host by inhibiting its en-
zymes and interfering with its regulatory system through the produc-
tion of toxic metabolites [20]. The entomopathogenic fungus Beauveria
bassiana has as the main component of its mycelial cake, the alkaloid
4-hydroxy-2-pyridone known as pyridovericin. The isolation and
characterization of pyridovericin were carried out in 1998 by Takahashi
et al. [19]. This metabolite comprises 4-hydroxy-5-(ρ-hydroxyphenyl)
pyridine and 4-methyl-octahydro-6-hydroxymethyl-2,4-dienoil moie-
ties, in addition to a chiral carbon at position 12 with R conﬁguration
(Fig. 1). The 4-hydroxy-2-pyridone alkaloids belong to a family of natu-
ral products with great chemical diversity and biological activity, the
latter including antifungal, antibacterial, insecticidal and cytotoxic ac-
tivities [21–23]. Although chemically well characterized, the biological
activity of pyridovericin reported so far includes only a weak inhibitory
effect of tyrosine kinases from NIH3T3/v-src cells [20]. The poorly ex-
plored pharmacological usability of pyridovericin prompted us to inves-
tigate the capabilities of this metabolite to inhibit antigen-stimulated
activation of mast cells, as an initial investigation that could, ultimately,
demonstrate the application of pyridovericin as a new anti-allergic
candidate.
2. Material and methods
2.1. Fungal material
The entomopathogenic fungus was isolated from a soil sample col-
lected in Crato, Ceará Province, Brazil (7° 14′2″ S, 39° 24′32″ W), on
January 2006. The isolate was identiﬁed as B. bassiana based on its
morphology and a sequence analysis of the ITS region of its rDNA
(GenBank accession number HQ665468). A voucher specimen (num-
ber 4408) is deposited at the Department of Mycology of the Federal
University of Pernambuco.
2.2. Culture and isolation of pyridovericin
The fungus B. bassianawas inoculated onto agar plates [24] and in-
cubated at 30 °C for 7 days. Three agar plugs (0.5 cm diameter) were
cut and inoculated in 50 Erlenmeyer ﬂasks containing 90 g of solid me-
dium each (rice–oat), and were maintained at 30 °C, for 60 days. After
this period, the mycelia mass was macerated with ethanol overnight
and ﬁltered. The ﬁltrate was concentrated under vacuum to furnish
the crude ethanolic extract (18 g), which was partitioned sequentially
with equal volumes of n-hexane and ethyl acetate (EtOAc) three
times each, yielding both hexane (5.3 g) and EtOAc fractions (9.3 g).
The EtOAc fraction was chromatographed on Sephadex LH-20 column
(4 cm×60 cm, eluted with MeOH), providing eight fractions. Fraction
B6 (562 mg) was subject to column chromatography on silica gel
(3 cm×25 cm, with gradient elution composed of increasing mixtures
of CH2Cl2 and CH3OH), providing eight fractions. Subfraction B6-7
(81 mg) was submitted to preparative TLC using CH2Cl2–CH3OH (9:1,
v/v) as eluent to afford pyridovericin (40 mg) as the major compound.
The purity was veriﬁed by analytical HPLC (C18 reverse-phase column)Fig. 1. Chemical structure of pyridovericin. CAS RN 210976-24-02.using CH3CN–H2O (with gradient elution, from 10% to 100% of CH3CN)
at ﬂow rate of 1.0 mL.min−1 over 25 minute-period.
2.3. Pyridovericin
Pale yellow powder; mp 201–204 °C; [α]D20 −15.0 (c 0.3, M
CH3OH); UV (CH3OH) λmax 215 (2.73), 245 (2.56), 340 (2.38) nm;
IR νmax 3470, 3373, 3100, 1679, 1604, 1471 992 cm−1; for 1H NMR
and 13C NMR spectroscopic data, see Supplementary Materials;
HREIMS (ESI–TOF) m/z 370.1646 [M+H]+ (calcd for C21H23NO5,
370.1649).
2.4. Cell culture
RBL-2H3 cells [25] were maintained in monolayer culture in mini-
mumessentialmediumwith L-glutamine andEagle's salt, supplemented
with 20% fetal bovine serum (Atlanta Biological, Atlanta, USA) and
50 μg/mL gentamicin sulfate (Invitrogen Corp., Carlsbad, USA). The
cells were used from3 to 5 days after passage, and released from culture
ﬂasks by treatment with 0.5% trypsin-EDTA for 5 min at 37 °C,
centrifuged at 1000 ×g for 5 min, and resuspended at 1×106 cell/mL.
Unless otherwise speciﬁed, reagents were from Gibco (Carlsbad, USA).
2.5. Degranulation assay
IgE-mediated degranulation of mast cells was accessed as described
by Naal and others [26]. RBL-2H3 cells were initially sensitized with
1 μg/mL anti-DNP IgE (puriﬁed as previously described, [27]) andplated
onto 96-well plate at 5×105 cell/mL for 24 h, at 37 °C and 5%CO2 atmo-
sphere. Next, cells werewashed twice in Tyrode's buffer (135 mMNaCl,
5 mMKCl, 1.8 mMCaCl2, 1 mMMgCl2, 5.6 mMglucose, 20 mMHEPES,
and 1 mg/mL bovine serum albumin (BSA) at pH 7.4) and pretreated
with different concentrations of pyridovericin (0.1–100 μM, from a
DMSO stock solution), diluted in Tyrode's buffer, for 20 min. Cell de-
granulation was then stimulated by addition of 100 μL of either
100 ng/mL DNP-BSA (BSA conjugate with an average of 15 DNP groups,
prepared as previously described, [28]) or 200 nM thapsigargin
(Sigma-Aldrich, St. Louis, USA), both diluted in Tyrode's buffer. Samples
were then incubated for 1 h at 37 °C, after which, degranulation was
stopped by placing cells on ice. Cell degranulation wasmeasured by de-
termining the amount of released β-hexosaminidase. In this way, 25 μL
of cell supernatant and 100 μL of 1.2 mM β-hexosaminidase
substrate (4-methylumbelliferyl-N-acetyl-β-D-glucosaminide, MUG,
Sigma-Aldrich), in 0.05 M sodium acetate buffer (pH 4.4), were mixed
in separate 96-well plate and incubated for 30 min, at 37 °C. The en-
zyme–substrate reaction was stopped by addition of 175 μL of 0.1 M
carbonate buffer, pH 10. Controls without antigen were used to mea-
sure spontaneous release. Totalβ-hexosaminidase releasewas obtained
by lysing cells with 0.1% Triton-X 100 prior to supernatant removal.
Released β-hexosaminidase was quantiﬁed by measuring the ﬂuores-
cence intensity of the product of β-hex-mediated cleavage of MUG,
methylumbelliferone, in a microplate reader (BioTEK, Winooski, USA)
using 360 nm excitation and 450 nm emission ﬁlters. The percentage
of stimulated β-hexosaminidase-release was calculated according to
Eq. (1). Values of IC50 (concentration of pyridovericin necessary to in-
hibit the release of β-hexosaminidase from cells stimulated with anti-
gen by 50%) were determined graphically. Unless otherwise speciﬁed,
reagents were from Mallinckrodt Baker Inc., Phillipsburg, USA.
% β‐hexosaminidase ¼ S−N
T−N
 
 100 ð1ÞN Normal, ﬂuorescence from vehicle (Tyrode's buffer);
S Sample, ﬂuorescence from (+) DNP-BSA/thapsigargin, (+)
or (−) pyridovericin samples
T Total, ﬂuorescence from Triton X-100-lysed cell samples.
Fig. 2. Pyridovericin inhibits FcεRI-mediated mast cell degranulation. IgE-Sensitized
RBL-2H3 cells were treated with pyridovericin (0.5–100 μM) for 20 min, and stimulated
with antigen (Ag, DNP-BSA, 0.4 μg/mL). Following a 1 h incubation period, cell superna-
tant was incubatedwith 1.2 mMMUG for addition 30 min. Degranulation was quantiﬁed
through ﬂuorescence measurements of methyl-umbelliferone, product of MUG-cleavage
mediated by β-hexosaminidase. Ketotifen fumarate and quercetin, both at 100 μM,
were used as positive controls. Data is expressed as mean±SD of 3 independent experi-
ments. One-way ANOVA, followed by Dunnett's test, indicates statistical signiﬁcance of
**pb0.01 and ***pb0.001, in comparison to antigen-control sample. # refers to vehicle
(DMSO) control sample.
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RBL-2H3 cell suspension, at 5×105 cell/mL, was sonicated during
20 min for cell lysis and release ofβ-hexosaminidase enzyme. After cen-
trifugation at 1000 ×g for 5 min, 45 μL of supernatant was incubated
with 5 μL of pyridovericin sample solutions (0.01–100 μM) and 50 μL
of β-hexosaminidase substrate (MUG) solution (ﬁnal concentration
1.2 mM), for 60 min. The enzyme–substrate reaction was stopped by
addition of 200 μL of stop solution (0.1 M carbonate buffer, pH 10.0).
β-Hexosaminidase activity was determined from ﬂuorescence mea-
surements of hydrolyzedMUG, as described above. Samples not treated
with pyridovericin were taken as 100% of β-hexosaminidase activity.
2.7. Ca2+ measurements
Cytoplasmic Ca2+ levels were measured using a steady-state ﬂuo-
rimeter, (Hitachi F-4500, Kyoto, Japan). RBL-2H3 cells suspended at
4×106 cell/mL in Tyrode's buffer were loaded with the Ca2+ indicator
Fluo-4 AM (0.5 μM; Invitrogen; excitation 490 nm, emission 520 nm)
and sensitized with 1 μg/mL anti-DNP IgE in Tyrode's buffer containing
0.5 mM sulﬁnpyrazone (Sigma-Aldrich) and 1 mg/mL BSA for 1 h at
37 °C. Following a washing step with Tyrode's buffer, cells were
resuspended at 2×106 cell/mL using the same buffer. In the ﬂuorime-
ter, the cell suspension was kept at 37 °C and continuously stirred for
following pretreatment with 10 μM pyridovericin, for 20 min, after
which cells were stimulated with either 0.4 μg/mL DNP-BSA or
200 nM thapsigargin.
2.8. Quantiﬁcation of IL-4 secretion
RBL-2H3 cells, plated at 1×105 cell/mL,were sensitizedwith 1 μg/mL
anti-DNP IgE and cultivated overnight. Next, cells were incubated with
different concentrations of pyridovericin and 0.4 μg/mL DNP-BSA for
4 h at 37 °C. Supernatants were collected and absolute amounts of IL-4
released by cells were determined using a mouse IL-4 immunoassay sys-
tem (BD Biosystems, Franklin Lakes, USA).
2.9. Cell viability assay
RBL-2H3 cellswere seededonto 96-wellmicroplates at 3.5×105 and
2.5×105 cell/mL, corresponding to 1 and 4 h cell-pyridovericin incuba-
tion times, respectively, and incubated overnight at 37 °C. After a wash-
ing step with PBS, cells were treated with different concentrations of
pyridovericin (0.1–100 μM), diluted in cell culture media, following
an incubation step for 1 or 4 h, at 37 °C. Next, samples were added
with 5 μL of a 10 mg/mL resazurin stock solution (Sigma-Aldrich) for
new 3 h incubation. Cell viability was assessed based on ﬂuorescence
measurements of resoruﬁn, a ﬂuorescent product resulting from reduc-
tion of resazurin by viable cells (excitation 530 nm, emission 390 nm).
Fluorescence registered from non-treated control samples was taken as
100% of cell viability.
2.10. Statistical analysis
Results were expressed as mean±SD. Statistical signiﬁcance was
assessed by one-way ANOVA followed by Dunnett's posthoc pairwise
comparisons. Differences were considered statistically signiﬁcant at
*pb0.05, **pb0.01, and ***pb0.001.
3. Results
We ﬁrst evaluated the effects of pyridovericin on stimulated de-
granulation of RBL-2H3 cells, an immortal cell line derived from a
rat leukemia composed of basophil-like cells [29,30]. Among the
three major histamine-containing rodent cells, i.e., basophils, mucosal
and connective tissue mast cells, RBL cells were previously reportedto closely resemble rodent mucosal mast cells and basophils, but to
share a smaller number of morphological and functional features
with rodent connective tissue mast cells [30]. For instance, basophils,
RBL and mucosal mast cells were reported to be insensitive to com-
pound 48/80 and sodium cromoglycate, and to degranulate after chal-
lenge with the Ca2+ ionophore A23187 [30]. In addition, both RBL
and mucosal mast cells were shown to contain granules that can be
stained by toluidine blue and alcian blue, but not safranin, the latter
being capable of staining granules from connective tissue mast cells.
While connective tissue mast cells predominantly contain the rat
mast cell protease-I (RMCP-I), RMCP-II is predominant in both RBL
and mucosal mast cells. Moreover, the histamine content in RBL and
mucosal mast cells was reported to be about 0.1–1% of the amount
found in connective tissue mast cells [29]. Considering that RBL-2H3
cells can be easily cultivated and present considerable homogeneity,
this cell line was used in the present work as a study model for muco-
sal mast cells.
To assess RBL-2H3 cell degranulation we quantiﬁed the stimulated
release of β-hexosaminidase, widely accepted as a marker for mast
cell degranulation, since this enzyme is stored in mast cell secretory
granules along with allergic mediators such as histamine, and is re-
leased when mast cells are immunologically stimulated to degranulate
[31,32]. Pretreatment of IgE-sensitized RBL cells with pyridovericin,
followed by cell stimulation with antigen (DNP-BSA), resulted in a
strong and concentration-dependent inhibition of β-hexosaminidase
release (Fig. 2). The calculated IC50 for pyridovericin-mediated inhibi-
tion of degranulation was 7.4±1.2 μM. It is important to mention that
the inhibitory activity of pyridovericin was dramatically more potent
than that exhibited by the mast cell stabilizer ketotifen fumarate
(Fig. 2, IC50=154.7±6.4 μM), a commonly used positive control for
mast cell degranulation assays [33,34]. Pyridovericin also exhibited a
quite similar inhibitory activity reported for the ﬂavonoid quercetin
(IC50=7.9±0.4 μM), a very well-known inhibitor of mast cell degran-
ulation (Fig. 2) [32,35,36].
Incubation of RBL-2H3 cells with pyridovericin for 1 h caused a
minor and not signiﬁcant decrease in cell viability only at the highest
tested concentration of pyridovericin (100 μM), suggesting that its
Fig. 3. Pyridovericin causes a minor decrease in both cell viability and β-hexosaminidase
activity. RBL-2H3 cells were incubated with pyridovericin (1–100 μM) for 1 h. Cell viabil-
ity was assessed by ﬂuorescencemeasurements of resoruﬁn, resulting from the reduction
of resazurin by viable cells. For β-hexosaminidase activity assay, cell supernatant was
incubated with pyridovericin (1–100 μM) and 1.2 mM MUG solution for 1 h at 37 °C.
Quantiﬁcation of β-hexosaminidase activity was based on ﬂuorescence measurements
of methyl-umbelliferone. One representative experiment of three, for each assay, is
shown. The error bars represent SD of triplicate samples. One-way ANOVA, followed by
Dunnett's test, indicates statistical signiﬁcance of *pb0.05 and **pb0.01, in comparison
to untreated control samples.
Fig. 5. Pyridovericin inhibits FcεRI-dependent and independent degranulation responses
with similar potency. IgE-sensitized RBL-2H3 cells were treated with pyridovericin
(0.5–100 μM) for 20 min, and stimulated with either antigen (Ag, DNP-BSA, 0.4 μg/mL)
or thapsigargin (Tg, 200 nM). Following a 1 h incubation period, cell supernatant was
incubated with 1.2 mMMUG for addition 30 min. Degranulation was quantiﬁed through
ﬂuorescencemeasurements ofmethyl-umbelliferone, product ofMUG-cleavagemediated
by β-hexosaminidase. One representative experiment of three is shown. The error bars
represent SD of triplicate samples. One-way ANOVA, followed by Dunnett's test, indicates
statistical signiﬁcance of *pb0.05, **pb0.01, and ***pb0.001, in comparison to either
antigen- or thapsigargin-control samples.
535M. de Souza Santos et al. / International Immunopharmacology 15 (2013) 532–538inhibitory activity against degranulation was not caused by a cytotoxic
effect (Fig. 3). In addition, the effect of pyridovericin on the
β-hexosaminidase enzyme activity was also performed to clarify
whether its actionwas attributed to either the inhibition of the enzyme
or the inhibition of its secretion, the latter being the desired action.
Pyridovericin slightly inhibited β-hexosaminidase activity only at the
higher range of tested concentrations (Fig. 3). These results are consis-
tent with a primary effect of pyridovericin on reducing the release of
β-hexosaminidase, as a result of its inhibitory activity against stimulat-
ed mast cell degranulation.
Interestingly, consistent with pyridovericin being a competitive in-
hibitor, its anti-degranulation activity could be rapidly reversed (Fig. 4).
When RBL-2H3 cells were pretreated with 100 μM pyridovericin,Fig. 4. Pyridovericin-mediated inhibition of antigen-inducedmast cell degranulation is re-
versible. IgE-sensitized mast cells were treated with 100 μM pyridovericin (pyr), 100 μM
quercetin (que) or 300 μMketotifen fumarate (ket) for 20 min, afterwhich themetabolites
were removed or not by exhaustivewashing, followedby antigen stimulation for additional
1 h. Next, cell supernatant was incubated with 1.2 mMMUG for addition 30 min. Degran-
ulation was quantiﬁed through ﬂuorescence measurements of methyl-umbelliferone,
product of MUG-cleavage mediated by β-hexosaminidase. Data is expressed as mean±
SD of 3 independent experiments. One-way ANOVA, followed by Dunnett's test, indicates
statistical signiﬁcance of ***pb0.001, in comparison to antigen-control sample.followed by antigen stimulation, mast cell degranulation was inhibited
in 70%. However, the removal of pyridovericin of the cell medium, by ex-
haustive washing, prior to antigen addition, completely annulled its in-
hibitory activity. Both quercetin and ketotifen were also shown to
reversibly inhibit antigen-induced mast cell degranulation (Fig. 4).
To understand themechanisms through which pyridovericin would
exert its inhibitory effect on degranulation, mast cell degranulation was
then stimulated by thapsigargin. Thapsigargin activates SOCE by deple-
tion of ER Ca2+ stores via inhibition of the SERCA (Sarco/Endoplasmic
Reticulum Ca2+) ATPase. Therefore, this drug bypasses the activation
of upstream Ca2+mobilization signaling events to cause degranulation.
Thapsigargin-induced degranulation of RBL cells was substantially
inhibited by pyridovericin, in a concentration-dependent manner
(Fig. 5). Moreover, it could be noticed that pyridovericin inhibited
both antigen- and thapsigargin-mediated degranulation responses
with a very similar potency (IC50 values of 7.4±1.2 and 6.3±0.4 μM,Fig. 6. Pyridovericin suppresses Ca2+ responses to antigen- and thapsigargin-cell stim-
ulation. RBL mast cells, sensitized with anti-DNP IgE and loaded with Fluo-4, were
stimulated either with antigen (Ag, 0.4 μg/mL) or thapsigargin (Tg, 200 nM). Arrow in-
dicates the moment of stimuli addition. One representative experiment of three is
shown.
Fig. 7. Pyridovericin inhibits antigen-induced secretion of IL-4 from mast cells.
IgE-sensitized RBL-2H3 cells were treated with pyridovericin (0.1–50 μM) and stimu-
lated with antigen (0.4 μg/mL) for 4 h, after which cell supernatant was collected for
quantiﬁcation of secreted IL-4 by ELISA. For cytotoxicity assay, cells were treated
with pyridovericin at the same concentration range for 4 h. Cell viability was assessed
by ﬂuorescence measurements of resoruﬁn, resulting from the reduction of resazurin
by viable cells. Data is expressed as mean±SD of 3 independent experiments.
One-way ANOVA, followed by Dunnett's test, indicates statistical signiﬁcance of
*pb0.05 and ****pb0.001, in comparison to antigen-control sample.
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suggest that (a) FcεRI-proximal signaling events, such as phosphoryla-
tion of Src-family kinasesmay not be targets for pyridovericin inhibition
and (b) the molecular targets of pyridovericin might be shared by both
IgE- and thapsigargin-mediated degranulation pathways.
As the transient increase in intracellular Ca2+ concentration is one of
the earliest events common to both antigen- and thapsigargin-induced
mast cell degranulation [37], Ca2+ signals were analyzed in the absence
of pyridovericin and after a 20-minute treatment of cells with the me-
tabolite. Cell stimulation with both antigen and thapsigargin caused a
robust increase in cytoplasmic Ca2+ levels, whereas cell pre-treatment
with 10 μM pyridovericin strongly suppressed both Ca2+ responses
(Fig. 6). These results are consistent with inhibition of Ca2+ mobiliza-
tion being one of the leading mechanisms by which pyridovericin im-
pairs mast cell degranulation.
Increase in cytosolic Ca2+ concentration is also required for the
expression of inﬂammatory cytokines [38]. In this way, the levels
of secreted interleukine-4 (IL-4), following cell incubation with
pyridovericin and stimulation with antigen, were also quantiﬁed. As
shown in Fig. 7, IL-4 secretion was almost completely abolished in
the presence of pyridovericin. Cell viability measurements, assessed
in similar experimental conditions to that used for the IL-4, indicated
no pyridovericin-mediated cytotoxicity.
4. Discussion
As part of an ongoing study to identify novel inhibitors of mast cell
activation, a key event for the development of allergic diseases, we re-
port here that the fungal metabolite pyridovericin strongly sup-
presses both degranulation and secretion of IL-4 from RBL-2H3 cells
stimulated by antigen. Those ﬁndings bring new insight to the phar-
macological usability of this metabolite, which was isolated and iden-
tiﬁed for the ﬁrst time over 10 years ago, and, since then, has been
shown to work only as a weak inhibitor of tyrosine kinases from cul-
tured cells [20].
The anti-degranulation activity of pyridovericin was shown to be
comparable to that of quercetin and other structure-related ﬂavonoids
(IC50 at the low micromolar range) (Fig. 2, [32]). It is interesting to
note that most of the extracts and isolated metabolites obtained fromnatural sources, which were shown to inhibit antigen-stimulated mast
cell degranulation, were also found to not affect or marginally inhibit
degranulation caused by stimuli other than antigen. For instance, Kim
and coworkers (2009) reported that the ﬂavonoid morin speciﬁcally
inhibits antigen-induced mast cell degranulation [4]. Lee and others
(2008) found that the leaf extract of Camellia japonica inhibits
antigen-stimulated degranulation but is inactive against ionomycin-
and thapsigargin-activated mast cells [39]. Quercetin was previously
shown to inhibit histamine release induced by antigen but to have little
effect on ionophore-stimulated release of histamine [40]. The speciﬁcity
of many inhibitors for antigen-mediated degranulation is consistent
with their reported primary effect on the activity of FcεRI-proximal en-
zymes, such as the src-family kinases Syk, Lyn, and Fyn [4,13,39,41–43].
Considering that pyridovericin similarly inhibited both antigen- and
thapsigargin-induced degranulation, and was previously shown to
weakly inhibit tyrosine kinases [20], we propose that this metabolite
presents a distinctmechanism of inhibition of mast cell activity in com-
parison to many other natural compounds.
Although the molecular mechanisms of pyridovericin-mediated in-
hibition of mast cell degranulation remain to be determined, we report
here that this metabolite inhibits Ca2+ signaling (Fig. 6), which is a crit-
ical step for degranulation. Mast cell degranulation involves granule
translocation, granule docking and, ultimately, granule fusion with the
plasma membrane. Essential to this process are SNARE [soluble NSF
(N-ethyl-maleimide-sensitive factor) attachment protein receptor]
proteins that lie on the opposing cellular membranes (vesicular and
plasma membrane) to form stable multimeric complex that catalyzes
fusion. Although SNARE proteins by themselves do not bind Ca2+, the
membrane-anchored protein synaptotagmin, binds Ca2+, which is
followed by synaptotagmin oligomerization and combined interaction
with SNAREs and membrane phospholipids to promote membrane fu-
sion and release of granular content [44,45]. Similarly to its inhibitory
action against degranulation, pyridovericin was shown to cause a com-
parable decrease in the cytoplasmic Ca2+ levels of cells stimulatedwith
either antigen or thapsigargin (Fig. 6). As a control experiment, querce-
tin was shown to strongly inhibit Ca2+ responses to antigen, but was
considerably less effective in inhibiting Ca2+ mobilization induced by
thapsigargin (Figs. S12). As for degranulation, the results suggest that
pyridovericin is involved in the inhibition of latter signaling events,
e.g. distal FcεRI signals, required for elevation of intracellular Ca2+ con-
centration. Mast cells do not exhibit voltage gated Ca2+ channels and
stimulated release of Ca2+ from ER stores (by either antigen or
thapsigargin) is sufﬁcient to activate Ca2+ inﬂux (SOCE) necessary for
degranulation [46]. Because the depletion of Ca2+ ER stores occurs by
different mechanisms whether cells are treated with either antigen or
thapsigargin, it is appealing to speculate that the mechanism of action
of pyridovericin could involve inhibition of Ca2+ entry. The Ca2+
entry pathway is mediated by Ca2+ release-activated Ca2+ channels.
Upon stimulated emptying of ER Ca2+ stores, STIM1, an ER lumen-
resident Ca2+ sensor, oligomerizes and translocates to ER-plasma
membrane junctions where it binds to and activates Orai1, a tetraspan
Ca2+ channel protein, leading to channel-gate opening and massive
Ca2+ entry [7,46,47]. All indications point to STIM1 and Orai1 as being
essential for SOCE activity in mast cells and also to be absolutely re-
quired for FcεRI-mediated mast cell activation both in vitro and in
vivo [47]. For instance, it has been shown that STIM1- or Orai1-
deﬁcient mast cells exhibit impaired Ca2+ inﬂux, which correlated
with dramatically suppressed mast cell degranulation [44,48].
Interestingly, elevation of cytosolic Ca2+ levels is a common signal
for bothmast cell degranulation and cytokine production and secretion.
For instance, the cytokine-related transcriptional factor, NFAT, was
shown to become activated via Ca2+/calcinerium-mediated dephos-
phorylation of this enzyme [38,49]. Consistent with an important role
for the Ca2+/calcinerium/NFAT pathway during the production of cyto-
kines, Andrade and coworkers (2011) reported that similar levels of
tumor necrosis factor-alpha (TNF-α) could be produced when mast
537M. de Souza Santos et al. / International Immunopharmacology 15 (2013) 532–538cells were stimulated by either antigen or thapsigargin and that secre-
tion was almost completely impaired by addition of the calcinerium
inhibitor cyclosporine A [49]. As for TNF-α, IL-4 production relies on
NFAT-mediated regulation of IL-4 gene promoter [50], which under-
scores a role for Ca2+ during stimulated production of IL-4. In agreement
with those ﬁndings, we showed that pyridovericin was responsible for a
concentration-dependent suppression of antigen-stimulated secretion
of IL-4 (Fig. 7). IL-4 is a pleiotropic cytokine which exerts both indirect
and direct effects on mast cell responses [50,51]. IL-4 production, during
antigen presentation, directs näive T-cell development to Th2-subset.
Th2 cells secrete IL-4, eliciting IgE production from activated B cells,
which allows for mast cell activation through antigen-IgE-FcεRI path-
way. Stimulated mast cells produce more IL-4, propagating the Th2 re-
sponse [51]. Another potentially important activity of IL-4 is its ability
to induce the expression of vascular cell adhesion molecule (VCAM)-1
on the endothelial cells [52,53]. VCAM-1 plays an important role for in-
creased adhesiveness of the endothelium for T cells, eosinophils, baso-
phils, and monocytes, whose elevated levels have been associated with
allergic diseases such as asthma [52–55]. Yamaguchi and coworkers
reported that IL-4 can induce expression of FcεRI on themast cell surface
and increase secretion of allergic mediators from mast cells stimulated
with anti-IgE [56]. IL-4 was additionally shown to control mast cell
homeostasis, presenting inhibitory effects on mast cell function and
survival [51].
In summary, we report here the initial studies that identify
pyridovericin, a secondary metabolite isolated from the
entomopathogenic fungi B. bassiana, as a promising leading compound
for the development of novel anti-allergic drugs. Its pharmacological
activity was attributed to its inhibitory activity against the secretion of
allergic mediators from RBL-2H3 cells, a model system for studies of
FcεRI-regulated secretion in mast cells. Pyridovericin was shown to be
a competitive inhibitor of antigen-induced degranulation and to impair
stimulated IL-4 secretion, both of which were correlated to the
pyridovericin-mediated suppression of Ca2+ inﬂux. Further studies to
dissect the molecular mechanisms responsible for the inhibitory activity
of pyridovericin comprise one of the next steps that could corroborate
the therapeutical suitability of this metabolite. It is also of interest to
demonstrate that pyridovericin is active in animal models. It is notewor-
thy that the physicochemical properties of pyridovericin are in good
agreement with Lipinski's rule of ﬁve [57], which advocates, at least in
theory, for the drug-like properties of this metabolite.
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